Hubble Space Telescope images of the core-collapse supernova remnant Cassiopeia A are used to identify highvelocity knots of ejecta located outside the remnant's main emission shell of expanding debris. These ejecta fragments are found near or ahead of the remnant's forward shock front and mostly lie from 120 00 to 300 00 in radial distance from the remnant's center of expansion. Filter flux ratios when correlated with published spectra show that these knots can be divided into three emission classes: (1) knots dominated by [N ii] kk6548, 6583 emissions, (2) knots dominated by [O ii] kk7319, 7330 emissions, and (3) knots displaying filter flux ratios suggestive of [S ii], [O ii], and [Ar iii] k7135 emission line strengths similar to the ''fast-moving knots'' ( FMKs) found in the remnant's bright main shell. Of 1825 knots identified, 444 are strong [N ii] emission knots, 192 are strong [O ii] emission knots, and 1189 are FMK-like knots.
INTRODUCTION
were the first to identify optical emission associated with the bright Galactic radio source and young supernova remnant, Cassiopeia A (Cas A). Subsequent optical studies showed the presence of two distinct emission-line components. The bulk of the emission consists of a À4000 to +6000 km s À1 expanding shell of knots, condensations, and filaments emitting strongly in [S ii] kk6716, 6731 and [O iii] kk4959, 5007 but showing no H emission. A few dozen semistationary condensations show strong H and [ N ii] kk6548, 6583 emissions and prevalently negative radial velocities of 0-200 km s À1 (Minkowski 1957 (Minkowski , 1968 van den Bergh & Dodd 1970; van den Bergh 1971) . These two chemically and dynamically distinct components became known as the remnant's fast-moving knots ( FMKs) and quasi-stationary flocculi (QSFs), and are generally interpreted as high-velocity, undiluted SN ejecta and low-velocity pre-SN, circumstellar mass-loss material, respectively (van den Bergh 1971; Chevalier & Kirshner 1978 , 1979 .
In even the earliest optical studies, a few emission knots could be seen outside of the main shell's '2 0 radius of FMKs. With the exception of a seemingly isolated knot along the remnant's northern edge (knot 91; Kamper & van den Bergh 1976 ) and a few unusually distant QSFs situated along the remnant's southwestern limb ( Kamper & van den Bergh 1983) , all of the remnant's outlying emission was concentrated in a ''flare'' (Minkowski 1957) or ''jet'' (van den Bergh & Dodd 1970) along the remnant's northeastern (NE ) limb, which extended out about 3.8 0 from the remnant center at a position angle of around 65 . While the origin and significance of these outer ejecta knots was unknown, early observations showed that this broad stream of ejecta off the remnant's NE limb could be readily imaged in [S ii] but not [O iii] emission. This fact, together with the jet's greater radial extent, implying greater expansion velocity, led to suggestions that it represented the lone surviving, undecelerated part of the supernova's highest velocity outer ejecta shell, and was chemically distinct from other FMKs in the main shell ( Minkowski 1968; van den Bergh 1971) .
The nature and distribution of outer ejecta fragments in the Cas A remnant became more complex when some 50 fast-moving (v trans ' 10;000 km s À1 ) [N ii] emission knots were discovered around the remnant's periphery (Fesen et al. 1987; Fesen 2001) . One of these N-rich knots turned out to be knot 91, originally believed to be [S ii] kk6716, 6731 bright, but in fact actually emits mainly [N ii] kk6548, 6583 emission with an [N ii] 6583/ H emission ratio '30. It was misidentified due to its detection on [S ii] kk6716, 6731 images as a result of its +4500 km s À1 radial velocity, which redshifts its [N ii] k6583 line some 100 8, thus placing it within the passband of a broad [S ii] filter (van den Bergh & Dodd 1970; Kamper & van den Bergh 1976; van den Bergh & Kamper 1985) . This and other fast-moving, seemingly N-rich knots were interpreted as fragments from the Cas A progenitor's N and He-rich outer layers (Fesen et al. 1987) .
Over 100 FMKs have now been identified in the NE jet, which extend out to radial distances of more than 2 0 beyond the main shell, corresponding to transverse velocities approaching 15,000 km s À1 ( Fesen & Gunderson 1996) , assuming a remnant distance of 3.4 kpc ( Reed et al. 1995) . More recently, about a dozen FMKs have been discovered in an apparent southwest ''counterjet'' ( Fesen 2001) weakly detected in X-rays and the infrared (Hwang et al. 2004; Hines et al. 2004; Ennis et al. 2006 ). These FMK-like ejecta in the NE and SW jets suggest a possibly asymmetric bipolar expansion of the Cas A supernova event ( Fesen 2001) . Evidence in favor of this interpretation is the detection only in the NE and SW jet regions of several so-called ''mixed emission'' knots, which exhibit strong emission lines of nitrogen, sulfur, and oxygen (Fesen & Becker 1991; Fesen 2001) .
The distribution and chemical abundances of the highest velocity debris can provide useful information regarding the explosion dynamics and ejecta mixing of the Cas A supernova event.
In this paper, we present a more complete catalog of outlying optical ejecta knots in Cas A than previous surveys by using deep, multiband, Hubble Space Telescope images of the remnant. Partial analyses of data in this catalog have already been presented in Fesen et al. (2006a Fesen et al. ( , 2006b . The catalog includes finding charts, epoch 2004.2 knot positions, proper motions, photometric filter fluxes, estimated knot emission type, and cross-references to previous knot identifications and data, along with some additional analysis of these data. The observations are described in x 2, results presented in x 3, with a short discussion given in x 4.
OBSERVATIONS
High-resolution, multiband images of the Cas A remnant were obtained on 2004 March 4-6 and December 4-5 using the Wide Field Channel (WFC) of the Advanced Camera for Surveys (ACS; Ford et al. 1998; Pavlovsky et al. 2004 ) on board the Hubble Space Telescope (HST ). The ACS/ WFC consists of two 4096 ; 4096 CCDs with an average pixel size of 0.05 00 , providing a 202 00 ; 202 00 field of view.
Images were taken in the four Sloan Digital Sky Survey (SDSS) filters F450W, F625W, F775W, and F850LP (g, r, i, and z) at six target pointings covering the entire remnant, including all known outlying ejecta knots. Total integration times in each filter were 2000, 2400, 2000, and 2000 s, respectively. To remove cosmic ray hits, cover the 2.5 00 interchip gap, and minimize saturation effects of bright stars, a two-point ACS-WFC dither line (ACS Instrument Handbook; Boffi et al. 2003 ) was used, with two exposures taken at each dither point for the six pointings in each of the four filters.
Due to the significant amount of reddening toward Cas A (A V ¼ 4:5 8 mag; Hurford & Fesen 1996; Hwang & Laming 2003; Reynoso & Goss 2002) , [O iii] kk4959, 5007 was too weak to be detected for most outlying knots, and we were unable to include F450W images in our analysis. Primary emission lines detected for the remnant's ejecta using the three remaining filters (F625W, F775W, and F850LP) are listed in Table 1 , along with the total system throughput of the telescope+ACS/ WFC camera+filter, and the resulting relative line flux of a typical Cas A FMK ejecta knot.
Standard pipeline data reduction was performed using IRAF/ STSDAS. 2 This included debiasing, flat-fielding, geometric distortion corrections, photometric calibrations, and cosmic ray and hot pixel removal. The STSDAS drizzle task was also used to combine single exposures in each filter.
Detected counts in each of the drizzled filter images were converted to flux units by summing the signal in 5 ; 5 pixel windows, subtracting a local mean background, and then multiplying by the mean flux density per unit wavelength, generating 1 count s À1 (i.e., the ''PHOTFLAM'' factor) times the filter effective bandwidth (EBW). The PHOTFLAM value in units of 10 À19 erg cm À2 s À1 8 À1 and the EBW values used for the F625W, F775W, and F850LP filters were 1.195, 1.007, 1.507, and 415.5 8, 434.6 8, and 539.4 8, respectively (Sirianni et al. 2005) . Multiplying PHOTFLAM numbers by the EBW values leads to flux calibrations parameters of 4:97 ; 10 À17 , 4:37 ; 10 À17 , and 8:13 ; 10 À17 for filters F625W, F775W, and F850LP, respectively.
Calibrated estimates for fluxes of each outer optical ejecta knot in the three filters shown in Table 1 were calculated using the SExtractor (Bertin & Arnouts 1996) automated source extraction software package. In cases where the SExtractor program failed to return a reasonable flux or failed to return a flux at all, knot fluxes were calculated by hand. Such manually measured filter fluxes were made for about 300 knots, with fluxes that were calculated using 5 pixel wide apertures. Background estimates were performed, by SExtractor, using a 24 pixel rectangular annulus about the isophotal limits of the object. When the object fluxes were calculated by hand, background estimation was performed by calculating the total 5 pixel aperture flux in at least five positions near the object (avoiding other sources) and then subtracting the mean computed ''background'' flux from the total object pixel sum. Most knots whose fluxes required manual computation were located near a bright background source or very close to another ejecta knot.
Flux estimates were best for the brightest, well-resolved knots (above 5 ; 10 À16 erg cm À2 s À1 ), where errors are on the 5%-10% level. Moderately bright knots [(5 50) ; 10 À17 erg cm À2 s À1 ] suffered more from local background variations and uncertainties in knot positions, resulting in flux errors near 20% -30%. Error estimates for faint knots [(1 50) ; 10 À18 erg cm À2 s À1 ] lie approximately at the 50% level. Fainter knots, or nondetections in one of the filters, were set to the mean background levels of each filter as [ back ( F625W ) ¼ 3:9 ; 10 À19 erg cm À2 s À1 , back (F775W ) ¼ 3:7 ; 10 À19 erg cm À2 s À1 , back ( F850W ) ¼ 5:7 ; 10 À19 erg cm À2 s À1 ] for the purposes of determining knot type by dominant emission features. Knots in this catalog were required to have a reasonable detection in at least one of the filters.
RESULTS
A comparison of 2004 March and December ACS/ WFC images of Cas A revealed hundreds of compact optical emission knots around the remnant's outer periphery, the majority of which were previously unknown. We identify an outer knot, as opposed to a main shell knot, by (1) its location near or beyond the remnant's forward shock front emission as seen in X-ray images (Gotthelf et al. 2001; DeLaney & Rudnick 2003; Hwang et al. 2004 ), (2) a small, compact appearance on the ACS/WFC images, and (3) a proper motion !0.30 00 . No formal lower radial distance from the remnant's expansion center was set, but nearly all (99%) of the knots identified lie out beyond a distance of 120 00 , corresponding to the outer edge of the remnant's main emission shell (Gotthelf et al. 2001) .
A total of 1825 outer knots were identified on these ACS/ WFC images. This number compares to previous studies which identified $100 NE knots in the remnant's northeast ''jet,'' plus another 75 knots found elsewhere around the remnant ( Fesen & Gunderson 1996; Fesen 2001) . Thus, this compilation represents a nearly tenfold increase in the number of known high-velocity outer ejecta knots in the remnant.
Outlying Knot Emission Types
It has been known for nearly two decades that there are at least two different populations of outer ejecta knots in Cas A. The first type could be recognized in even the earliest images taken of the remnant and is associated with the NE jet. These outer ejecta knots show strong [S ii] kk6716, 6731 emission, much like that seen in the remnant's main shell (Fesen & Gunderson 1996) . The second type was discovered in 1987 and exhibits strong [N ii] kk6548, 6583 line emission (Fesen et al. 1987 ). These knots are mainly found outside of the NE jet region and display transverse expansion velocities comparable to many NE jet knots (see discussion and representative spectra in Fesen 2001 ).
An early result from our HST ACS imaging survey was the discovery of a substantial number of outlying knots which comprise a third class of outer, high-velocity debris. These have their 6000-10500 8 spectrum dominated by strong [O ii] kk7319, 7330 line emission and are presumably O-rich ejecta debris (Fesen et al. 2006a) . This led to the realization that not only was there a far larger population of outlying high-velocity ejecta knots, but Cas A's outer ejecta possessed a broader range of emission line properties and likely chemical properties than previously realized.
When correlated with published optical spectra of outer knots, one can use the ACS/WFC images of Cas A taken in three SDSS filters to distinguish these three main types of outer emission knots based on filter fluxes (see Fesen et al. 2006a The ability of SDSS filter images to distinguish these three types of emission knots is shown in Table 1 . The table lists the throughputs of the ACS/ WFC+SDSS filter combinations at the wavelengths for several strong emission lines seen in Cas A ejecta. In addition, we tabulated the observed (uncorrected for reddening) relative fluxes seen for a typical S, O, Ar main shell knot (FMK2; Hurford & Fesen 1996) and the resulting relative fluxes that would be detected using ACS/WFC with the SDSS filters. These values show that while the F625W filter is sensitive to emission from oxygen and sulfur (and nitrogen if present), the F775W and F850LP filters are mainly sensitive to oxygen and sulfur emission, respectively.
Measured outer knot fluxes in the three filters are tabulated in Table 2 for the 178 outer knots or knot complexes identified in previous studies, along with cross-referenced knot IDs. The complete knot table (but without knot cross-listings) is available in the online electronic version of the The Astrophysical Journal Supplement. In addition to filter fluxes, the knot catalog lists outer knot ID, its J2000 coordinates, position angle, radial distance from the remnant's center of expansion, an estimate of its proper motion based on ACS/WFC 2004.18 and 2004.93 images, and our assigned knot type. Both in Table 2 and in the complete catalog, outer knots are listed in the catalog in order of increasing position angle ( P.A.) around the remnant (measured eastward from due north [P.A. = 0 ]).
Qualitative emission differences among outer ejecta knots can be seen through the construction of color composite images using the F625W (red ), F775W (green), and F850LP (cyan) image frames. Such a color composite image was presented in Plots of filter flux ratios allow quantitative measures of emission differences for the various types of outer knots. Figure 4 shows the observed F625W/( F775W+F850LP) ratio versus the F775W/ F850LP ratio for all 1825 outlying knots in the catalog. (A similar plot, along with a discussion of representative knot spectra, was shown in Fesen et al. [2006a] , but only for 229 knots lying along the remnant's eastern limb.) The three types of outer knots can be seen to occupy different regions in this plot. (Hurford & Fesen 1996; Winkler et al. 1991) , then any knot for which the F625W/ ( F775W+F850LP) ratio is !1.0 requires the presence of significant [N ii] kk6548, 6583 emission. The value for the F625W/ ( F775W+F850LP) ratio of !1.0 was chosen based on spectral properties of a few dozen [ N ii] emission-dominated knots, as well as ones that show ''mixed'' spectral emission properties, i.e., with both strong [ N ii] emission and FMK-like oxygen and sulfur line emission (Fesen 2001) .
Of the 1825 knots identified and cataloged, the majority (1189) show flux ratios similar to those exhibited by main shell FMKs. These are color-coded cyan in kk9069, 9531 detected in the F775W or F850LP filters. Consequently, this created a build-up of knots plotted with an apparent F775W/F850LP flux ratio around 0.7 due simply to the background flux differences in these filters.
The Global Distribution of Outer Debris
Our catalog of high-velocity outlying optical ejecta contains knots at projected radial distances of 104 00 to 299 00 from the center of expansion (Thorstensen et al. 2001) . This places them close to or outside the remnant's '6500 km s À1 forward shock front, as judged by the remnant's outermost X-ray emission (Gotthelf et al. 2001; DeLaney & Rudnick 2003) . Figure 5 shows the plotted locations and overall distribution of these knots with respect to the remnant's X-ray emission as seen in the 1 Ms Chandra ACIS image (epoch 2004.3; Hwang et al. 2004 As shown in Figure 5 , the distribution of outer ejecta knots displays a strongly asymmetrical structure, due principally to the NE and SW jets, which appear as distinct and roughly opposing features, with the NE jet at P.A. = 55 -75 , and the SW jet at P.A. = 230 -280 . The large white circle in Figure 5 has a radius of 282 00 and marks the distance a knot would have reached having a constant proper motion of 0.868 00 for 325 yr, which translates to a transverse velocity of 14,000 km s À1 at Cas A's assumed distance of 3.4 kpc.
No outer knot of any type could be identified in two broad, opposing regions along the NW and SE sections of the remnant. These regions are centered near position angles 170 and 342 . These apparent outer ejecta knot ''gaps'' are visible in both Figures 5 and 6 . While the significance of these northern and southern gaps is uncertain, the remnant's X-ray point source (Tananbaum 1999) has an apparent proper motion of some 350 km s À1 in the direction of P.A. = 169 AE 8:4 , that is, toward the middle of the southern gap (see discussion in Fesen et al. 2006b ).
As can also be seen qualitatively from Figure 5 and quantitatively from the values tabulated in our complete online knot catalog, both the NE and SW jets of ejecta exhibit similar maximum radial distances and proper-motion-derived expansion velocities, namely, r ¼ 290 00 300 00 and ¼ 0:80 0:85, implying v max ' 14;000 km s À1 . Thus, some jet knots reach out nearly to the white circle, and in a few cases just beyond.
Not only do the NE and SW jets contain the remnant's highest velocity optically emitting ejecta, but these knots tend to be FMK-like ejecta. This is in contrast to other regions where the nitrogen-rich ejecta (open red circles) represent the remnant's highest velocity debris (10,000-11,000 km s À1 ), followed by the O-rich ejecta, and then the S-rich, FMK-like knots (Fesen et al. 2006a ).
In Figure 6 , we show the 1 Ms Chandra ACIS image (top left), with the locations of the three main types of outer ejecta optical knots plotted separately in the three adjacent panels. While the NE-SW jet/counterjet asymmetry in the distribution of the remnant's outer optical ejecta knots can be seen most clearly in the distribution of the cyan FMK-like knots, there is some indication of it in the red [N ii] knots (top right).
Knot Types by Remnant Region
We now examine the properties of outer ejecta knots divided into three regions: the NE jet, the SW jet, and all other ''non-jet'' areas. The exact divisions for these three regions are shown in Figure 7 . We chose PA = 55 -77 and 233 -279 for the NE and SW jet, respectively. Although the SW jet appears to cover a wider angular region than the NE jet, the exact regions chosen for the jets are somewhat subjective, and the precise position angle ranges selected here may not be physically meaningful.
In terms of the number of knots in these three periphery regions, we found 972, 207, and 646 knots in NE jet, SW jet, and non-jet regions, respectively, for a total of 1825 knots. Histogram plots for the three types of knots as a function of radial distance from Cas A's expansion center for the three remnant regions are shown in Figures 8-10 , with Figure 11 showing the sum for all regions broken down by knot type.
The NE and SW Jets
In Figures 8 and 9 , we show number histograms for the NE and SW jet regions divided by ejecta knot type as a function of radial distance from Cas A's center of expansion. These plots reveal that FMK-type ejecta knots greatly outnumber the other two types of knots in both jets. For example in the NE jet, FMK-like FMK-like knots also tend to be the most common type of ejecta at the greatest radial distances in both jets. The relative fractions of [N ii] knots to FMK-like knots, however, does not significantly change with increasing distance. That is, although far fewer in number, [N ii] type knots can be seen at the outer extents of both jets alongside the most distant FMK-like knots.
These distributions are in contrast to that seen for the [O ii] type knots, which are fewer in number in both jets and are found exclusively at radial distances between 130 00 and 210 00 . Also, unlike [ N ii] and FMK-like knots, [O ii] knots in the two jets show a distribution that cuts off sharply at around 210 00 . Despite this, for the NE jet where we have a sizable number of [N ii] and [O ii] type knots for comparison, the peaks in the radial distance distri-bution for the different knot types are fairly similar (see Fig. 8 , bottom right).
Non-Jet Regions
In non-jet regions, the situation appears somewhat different. As shown in Figure 10 , [N ii] type knots are seen to extend the farthest out, to nearly 250 00 from the expansion center, with a distribution peak at a greater distance (180 00 ) than FMK-like knots (160 00 ). In terms of projected radial distances, [O ii] type knots are more concentrated, with a distribution peak at 160 00 . The generally larger distances and broader range of distances for non-jet [N ii] knots compared to the other two types of ejecta is shown in the bottom right panel of Figure 10 , where all three knot types are plotted. This shows that for radial distance above 180 00 , [N ii] type knots are the most common.
Considering all radial distances, [N ii] type knots are the most common type of outer debris in non-jet regions, accounting for about 45% of these knots, which is just slightly greater than seen for FMK-like knots, but almost 4 times that for [O ii] knots. If one excludes the eastern limb of the remnant, where all three types of knots are relatively numerous, [ N ii] type knots then become by far the most common type of knot detected (see Figs. 5 and 6). Figure 11 shows histograms for all 1825 outer knots found in all regions plotted as a function of radial distance from Cas A's center of expansion. The dramatic cutoff at r $ 200 00 for [O ii] type knots is readily apparent, as is the dominance of FMK-like knots in the overall population of the remnant's outermost ejecta. This is not surprising, given that the most visible outer ejecta knots, namely those on the NE jet, number some 850 knots (knot IDs from around 100 to 950), the majority of which are FMKlike knots.
Summary for All Regions
In addition, Figure 11 shows that although [N ii] type knots can be seen out to 280 00 , there appears to be a steep decline in the number of [N ii] knots at radial distances beyond 210 00 . This cutoff is mainly due to knots outside of the jet region, which contain nearly two-thirds of all [N ii] knots detected around the remnant. Therefore, while there is little difference in the distribution peaks between [N ii] and FMK-like knots, the drop-off of [N ii] knots at large distances contributes to a distribution profile different from that of FMK-like knots, with the [ N ii] knots showing a much flatter distribution curve beyond 210 00 .
Outer Knot Proper Motions
Proper motion estimates are listed for all 1825 knots in the complete online catalog, and for just those outer knots previously identified and studied in the print Table 2 . Not surprisingly, in view of their generally greater radial distance, Cas A's outer knots exhibit relatively large proper motions compared to main shell ejecta filaments and knots, with values consistent with the observed projection position from the remnant expansion center.
The majority of outer knots in the catalog have measured proper motion between 0.30 00 and 0.90 00 . At a distance of 3.4 kpc, these values imply projected transverse velocities of about 4800 to 14,500 km s À1 . We estimated proper motion measurement errors to range from 0.015 00 (1 ) for the brightest [F(k) > 10 À16 erg cm À2 s À1 ] and pointlike (spherical shape and/or unresolved in the WFC images) knots to 0.025 00 for faint and/or highly asymmetrically shaped knots.
A comparison of our proper-motion estimates with those of Fesen (2001) shows generally good agreement. For example, for the [N ii] type knots seen along the eastern limb of the remnant, our values and those of Fesen (2001) One significant difference between these two values, however, is that ours are based on actual measured knot motions over a 9 month period, whereas those of Fesen (2001) were estimates of inferred proper motions assuming an explosion date of 1680 and a somewhat different explosion center, (J2000) = 23 h 23 m 23.70 s , = 58 48 0 47.4 00 , compared to the Thorstensen et al. (2001) value we used of (J2000) = 23 h 23 m 23.77 s , = 58 48 0 49.4 00 ). In addition, the earlier proper-motion estimates were based on groundbased images, where several closely spaced knots were often interpreted as a single feature.
Our estimated proper motions for the NE jet, SW jet, and all non-jet regions based on our ACS/ WFC 2004.18 and 2004.93 image data are shown plotted separately in Figures 12-14 relative to knot projected distances. The bottom right panels of these figures show the three knot types overplotted together. The straight line corresponds to a constant rate of expansion assuming an explosion date of 1671, as estimated by Thorstensen et al. (2001) . This line fits the measured proper motion as a function of radial distance well, suggesting no significant difference in the deceleration (or acceleration) with type of ejecta knot or knot distance.
As shown in the summary plots of Figure 15 , the line of constant expansion for an age of 333 yr (2004 À 1671) passes through the middle of all three ejecta types, right out to their farthest extent. A handful of outliers are seen below this line, which could indicate either misidentified main shell fragments, which are known to expand much slower, or simply poorly measured proper motions due to faintness on the ACS images and/or the relatively short 9 month time span between measured positions. 
DISCUSSION
Our catalog of outer ejecta in Cas A using HST imaging presents a more complete census of Cas A's highest velocity debris than previously reported. These data, however, do not push the limits of what outlying ejecta can be detected. Although we have cataloged nearly 2000 outlying knots, there could be hundreds more around the periphery of the remnant, and longer exposure HST images taken with narrower filters like those available using WFPC3 are likely to reveal many more outer knots. Detecting a significant number of additional outlying ejecta would give us a more complete and hence a more accurate picture of the distribution of this remnant's fastest ejecta.
At present, Cas A is the only young remnant to exhibit such small high-velocity outlying ejecta. Studies of such high-speed ejecta can give useful insights into the chemical and dynamical properties of the progenitor's outermost layers and the dynamics of the SN explosion. In addition, this catalog of knots should prove to be a valuable tool for studies investigating high-velocity knot flux variability due to passage through the surrounding circumstellar and interstellar medium, along with better measurements of proper motion, possible knot deceleration, mass ablation, and knot disruption. In light of the previously reported results from this survey, which discussed the discovery of outlying high-velocity oxygenrich ejecta and the remnant's expansion asymmetry (Fesen et al. 2006a (Fesen et al. , 2006b ), we will limit our discussion here to just a few topics.
Oxygen Knot Clusters at Jet Bases
The distribution of outlying [O ii] bright knots (green circles) appears to be the most limited of the three types of outer ejecta in terms of both position angle and radial distance out from the remnant center (see Fig. 6, bottom right) . Interestingly, this type of outlying ejecta knot appears especially concentrated along the north and south edges of the NE jet, and possibly the SW jet as well. This is illustrated in Figure 16 where we plot strong [O ii] emission knots on positive composite ACS/WFC F625W+F775W images of the NE and SW jet regions (left and right panels, respectively). For greater clarity, the [O ii] emission knots are color-coded yellow here instead of green, as elsewhere in this paper.
Along the northern edge of the NE jet's base, these presumably oxygen-rich knots form a relatively tight cluster of more than two dozen knots, with several other knots seen grouped along the jet's projected southern edge. Few of these jet [O ii] cluster knots had been previously reported for either jet region. They seemingly escaped easy detection due the combination of their faintness and their relative weakness in [O i] k6300 line emission, which would have allowed their detection in the F675W filter on the WFPC2 aboard HST (see Fesen et al. 2006a for a representative spectrum).
The nature and meaning of such O-rich clumps of material on either edge of the NE jet (and possibly the SW jet) is unclear. It might be build-up of material from the O-rich layer of the progenitor which was pushed aside by a violent ejection of under-lying material from a high-velocity jet from the progenitor's core region. However, explosive jet models like that of Mazzali et al. (2005) show that ejecta rich in iron, not oxygen, should line the outer edges of a jet. This brings us to the basic question of the true nature of these so-called jets of ejecta in the Cas A remnant.
The Nature of the NE and SW ''Jets''
Observations of core-collapse SNe, such as Cas A is believed to be, show high late-time linear polarization levels, suggesting that the innermost layers driving the SN expansion are asymmetrical (Wang et al. 1996 Leonard et al. 2000 . This has led some modelers to investigate the effects of rapid rotation and magnetic fields leading to magnetorotational jet models (Khokhlov et al. 1999; Höflich et al. 1999 Höflich et al. , 2001 Akiyama et al. 2003) . Others have investigated asymmetric neutrino-driven models in order to generate aspherical, sometimes even jetlike, SN explosions (Burrows et al. 1995 (Burrows et al. , 2005 Kifonidis et al. 2003 Kifonidis et al. , 2006 Yamasaki & Yamada 2005; Wilson et al. 2005) .
The overall asymmetrical appearance of Cas A's outer ejecta seen in Figure 5 is not unlike that seen in some asymmetric models of jet-induced explosion (Khokhlov et al. 1999; Mazzali et al. 2005; Wheeler et al. 2008 ). However, the true nature of Cas A's ''jets'' is currently controversial. From the little spectroscopic data that exists for the more prominent NE jet, it appears to be a fairly broad plume of ejecta with an opening angle of around 30 ( Fesen & Gunderson 1996) . Material located at the farthest tip of this jet, and thus having the highest ejection velocities, appears to be mainly sulfur-rich debris, with no significant line emission from oxygen. The few dozen or so NE and SW knots with radial velocity measurements seem to indicate that both jets lie fairly close to the plane of the sky, suggesting either a very fortuitous viewing angle or a more complex asymmetric explosion structure than a simple bipolar symmetry.
Despite their rough alignment on either side of the remnant, the data in hand do not establish that the NE and SW jets really comprise a coherent jet-counterjet expansion structure. Moreover, some recent observations have indicated that Cas A's ejecta structure may be much more complex than a simple bipolar expansion. Recent Spitzer data suggest a bipolar structure roughly perpendicular to the jet-counterjet axis, composed of fairly slow moving ejecta Wheeler et al. (2008) argue that this new axis may represent the true jet line, with the apparent NE and SW jets created by nonaxisymmetric flows approximately along the progenitor's equatorial plane.
There are other means of producing an asymmetric debris structure besides a bipolar jet scenario. For example, in the Blondin et al. (1996) model for an axisymmetric circumstellar interaction, a jetlike feature of SN ejecta can be generated in the progenitor's equatorial plane by even mild pole/equator density gradients due to asymmetric mass loss during the red giant phase.
At present, is not clear if any of these jet or non-jet models can reproduce the expansion dispersion and the near constant rate of expansion for the various types of ejecta, such as that seen in Figure 15 , or the apparent clumping of O-rich ejecta along the sides of the NE jet. Obviously, what is needed is a complete threedimensional kinematic and chemical mapping of Cas A's optical emission, including both NE and SW jets. Such a data set would give us a better understanding of how slow and fast ejecta in this core-collapse supernova remnant are arranged on large ($1 pc) and small ($0.01 pc) spatial scales. When combined with Chandra and Spitzer velocity and abundance data (e.g., Lazendic et al. 2006; DeLaney et al. 2006) , such a data set would also permit investigation of Cas A's ejecta structure across low (0.1-1 cm À3 ) and high (10 3 cm À3 ) density and hot (10 6 -10 8 K) and cold (10 2 K) temperature regimes.
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